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Abstract
Research suggests that changes in tropopause structure can both indicate and impact changes in 
20 the global climate system. The Global Positioning System radio occupation (RO) technique
shows tremendous potential for monitoring the global tropopause due to its precision, temporal 
consistency, and global measurement density. This study examines the capability of RO to 
monitor the global tropopause by addressing three specific objectives: (1) quantify sources of 
error in individual RO tropopause measurements, (2) examine absolute bias and long-term 
25 stability of RO tropopause parameters with respect to those obtained from radiosondes, and (3) 
distinguish between errors due to processing and RO instrument differences by comparing 
tropopause parameters from different RO products. In this study, we make use o f data from four 
different RO missions, including the recent COSMIC (Constellation Observing System for 
Meteorology, Ionosphere, and Climate). After removing the effects o f natural atmospheric 
30 variability, the remaining tropopause errors are shown to be related to uncertainties in the RO 
derived temperature profiles (0.6 K or 150 m) and to the use o f a highly nonlinear tropopause 
definition (1-1.5 K or 300-500 m). Global mean temperature and height biases between RO 
instruments and radiosondes are within 0.5 K and 75 m. One long-term RO dataset examined in 
this study has temperature instabilities as large as 2 K, which appear to be due to inconsistent 
35 processing. Tropopause measurements from different RO instruments are generally within 30 m 
and 0.1 K for the globe. Dissimilarly processed temperature data, however, can differ by as much 
as 2 K in the mean. These results confirm the precision of RO data, but also demonstrate the 
importance of consistent processing for long-term tropopause temperature studies. Tropopause 
height data do not appear to be significantly affected by the differences in processing examined 
40 in this study.
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1. Introduction
Changes in the structure of the tropopause have recently received increased attention both as 
important factors in climate processes and as sensitive indicators of human induced climate 
change. For example, changes in the structure of the tropopause may affect stratosphere- 
45 troposphere exchange [Shapiro, 1980; Holton et a l, 1995] and stratospheric moisture content 
[Mote et a l, 1996; Zhou et a l, 2001; Randel et a l, 2004], In addition, changes in tropical 
tropopause height can be linked with variations in strength o f the Brewer-Dobson circulation 
[Randel et a l, 2006], increases in the latitudinal extent of the tropical tropopause suggest a 
widening of the tropical Hadley cell [Reichler and Held, 2005; Seidel et a l,  2008], and the rising 
50 of the tropopause with time has been shown to be a sensitive indicator of human-induced climate 
change [Sausen andSanter, 2003; Santer et a l, 2003], The need for accurate determination of 
the structure and long-term behavior of the tropopause is clear.
Measuring the global tropopause, however, has been problematic. Radiosondes are often 
considered the ‘gold standard’ for measuring tropopause parameters due to their direct, high 
55 resolution measurements. However, early radiosondes were often unable to reach the tropopause, 
and radiosonde products today, while generally o f good quality, are expensive and distributed 
unevenly across the globe. Reanalyses make up somewhat for what radiosondes lack, by 
providing excellent global spatial and temporal coverage. However, reanalyses are model driven 
and subject to sudden changes as new data are assimilated [Sturaro, 2003; Sterl, 2004], In 
60 addition, reanalyses are sometimes of questionable quality [Trenberth and Caron, 2001;
Trenberth et a l, 2001; Trenberth andStepaniak, 2002; Greatbatch andRong, 2006; Zhao and 
Li, 2006], and have low vertical resolution. This low vertical resolution causes reanalyses to miss
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important features, such as the recently discovered tropopause inversion layer [Birner et al., 
2006],
65 Global Positioning System radio occultation (RO) is an innovative new technology for
monitoring the global atmosphere. RO instruments measure the time delay in occulted signals 
from one satellite to another. Processing these time delays yields atmospheric bending angle 
profiles, information which can then be used to derive profiles of atmospheric temperature and 
moisture, although additional external data is needed to distinguish between the effects of the 
70 two. The near absence of moisture in the tropopause region make temperature profiles in that 
region particularly accurate. In addition, RO data are not susceptible to instrument drift, and do 
not require instrument calibration [Anthes et al., 2000],
In 1995, the first Earth-observing RO mission, the Global Positioning System Meteorology 
(GPS/MET) experiment was launched, and until early 1997 produced 100-150 measurements 
75 per day (see Figure 1 for a mission timeline). In 2001, the Cl IA llenging Minisatellite Payload 
(CHAMP) and the Argentinian Satelitede Aplicaciones Cientificas-C (SAC-C) became 
operational, and produced roughly 150 and 100 measurements per day, respectively. SAC-C 
profiles are available through most o f 2002, while CHAMP is still operational. In 2006 the 
Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC), a 
80 constellation of six satellites was launched, and currently produces about 1200 occultations daily 
across the globe (although it is expected to perform even better in the future, taking as many as 
2500 occultations per day).
Ware et al. [1996] and Kursinski et al. [1997] examined profiles from GPS/MET and found RO 
to be quite accurate (within 1 K) for measuring atmospheric temperatures between 5-15 km. Hajj
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85 et al. [2004] followed up on their work, presenting a detailed characterization of the precision of 
RO data using CHAMP and SAC-C. They found the accuracy of RO to be within 0.5 K between 
5 and 20 km.
Several studies have also been performed, using RO data to study the tropopause region. Randel 
et al. [2003] used GPS/MET and Schmidt et al. [2004] used CHAMP data to study the mean 
90 structure and variability of the tropical tropopause. In addition, Randel et al. [2006] used RO data 
to document the occurrence, mean height, and mean temperature of multiple tropopauses. 
However, none of these studies examine the sources and structure of RO tropopause errors.
One such source of error in RO tropopause measurements is data processing. RO temperature 
data are not direct measurements, but derived from the time delay of a signal. Thus the choice of 
95 processing method plays a significant role in the final temperature output. Von Engeln [2006] 
highlighted this structural uncertainty, and found troubling differences in lower tropospheric and 
upper stratospheric temperature products processed with different algorithms from the same data.
In the present study, we seek to address the suitability of RO data for the study of long-term 
tropopause trends by addressing three specific objectives.
100 • Objective 1. Determine the magnitude, structure, and sources of error in individual RO
tropopause measurements.
• Objective 2. Characterize the absolute error and long-term stability of RO tropopause 
parameters with respect to those measured by radiosondes.
• Objective 3. Distinguish between the contributions of processing and instrument 
105 differences to errors between different RO products.
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Our paper is organized as follows. In section 2 we describe the data used in our study, and in 
section 3 we outline our methods. In section 4 we present our results, followed by a discussion of 
these results in section 5, We summarize and offer our conclusions in section 6,
2. Data
110 In our study, we make use of moisture-corrected atmospheric temperature profile datasets
derived from several RO instruments and provided by the UCAR COSMIC Data Analysis and 
Archive Center (CDAAC) and by the GFZ Potsdam Information Systems and Data Center 
(ISDC). These profiles have a 100 m or 200 m vertical resolution, and use atmospheric analyses 
or forecast models to estimate the relative contributions of moisture and temperature to the 
115 measured bending angle. While the difference between the moisture-corrected and the ‘dry’
profiles is very small in the tropopause region, we use the moisture-corrected profiles in this case 
to provide the best possible comparison with radiosonde data.
The RO data we use in this study are processed in a variety of different ways, which we group 
into three categories: near-real-time, post-processed, and ISDC, The near-real-time processing 
120 methods change with time and are intended mainly for forecasting purposes, CDAAC provides 
GPS/MET, SAC-C, CHAMP, and COSMIC data processed near-real-time. In addition, CDAAC 
also frequently reprocesses their CHAMP and COSMIC datasets with the intent to provide 
consistent, high quality, post-processed data for use in climate studies. ISDC also reprocesses 
their data, but not to the same extent as CDAAC. See Table 1 for a list o f RO datasets used in 
125 this study.
In order to examine the biases o f the above RO datasets, we need a reference dataset. For this 
purpose, we use radiosonde data from the Integrated Global Radiosonde Archive [Durre et al.,
2006], These data (hereafter denoted radiosondes) are characterized by their consistency, as well 
as their reasonable spatial and temporal coverage,
130 3. Methodology
To obtain the tropopause parameters for use in this study, we apply the WMO lapse rate 
tropopause criterion [WMO, 1957] to the RO temperature profiles from CDAAC and ISDC, 
considering only the lowest tropopause in each profile. We use a tropopause detection algorithm 
based on that used by Reichler et al, [2003], interpolating between vertical levels to determine 
135 the pressure and temperature o f the tropopause. Radiosonde tropopauses are already reported 
from high resolution data using the WMO criterion, and we use the reported parameters for our 
radiosonde tropopauses. For both RO and radiosonde tropopause data, we consider tropopauses 
above 75 hPa or below 450 hPa as outliers and omit them.
The results for our study are all concerned with differences between nearby tropopause 
140 measurements from the above datasets. We thus need to define what classifies measurements as 
“nearby” for our purposes. Rocken et al, [1997] use a 4° latitude and longitude radius, and ±6 hr 
time window, while Hajj et al, [2004] compare measurements within 200 km and 30 min of one 
another. However, neither o f these studies focus on the tropopause, and neither had available the 
high resolution data from COSMIC.
145 In this study we use a collocation requirement of 150 km and ±6 hr. This requirement is based on 
the observed variability in the tropopause parameters themselves as measured by COSMIC (see 
section 4,2,1), Our choice represents a compromise between precision and quantity; tightening 
the collocation requirements naturally yields smaller errors, but it also reduces the number of 
nearby measurements and thus the robustness of our statistical analysis. At this stage, we apply
150 one additional filter to our data; we ignore tropopause matches differing by more than 175 hPa, 
as these almost certainly are not measurements of the same physical tropopause.
We next bin the differences between measurements for specific regions and seasons, count the 
number of differences N  in each bin, and calculate root mean square (RMS) difference and mean 
difference y. for each bin. We can derive the standard deviation s  for our differences using the 
155 identity s 2 = RMS2 — ji2. and then compute a two-sided 95% confidence interval width w for 
the differences from:
where t is the t-value from t-statistics, assuming our differences are independent. While this 
assumption may be called into question, we justify it for the sake of generating useful statistics, 
and since the actual amount of dependence is difficult to quantify.
160 4. Results 
4.1 A theoretical RO error estimate
To assist us in determining the sources of error in individual tropopause measurements (see 
Objective 1), we begin by discussing a conceptual tropopause model used by Shepherd [2002], 
In this model, the actual temperature profile about a tropopause is approximated above and
165 below by constant lapse rates (see Figure 2), and the tropopause is depicted geometrically as just 
the vertex of temperature profile line segments in a height-temperature plane. Although a highly 
simplified view of the tropopause, this is useful for describing the magnitude and cause of 
changes in tropopause height and temperature [Gettelman et a l,  2008], Here, we use this model
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in order to estimate the amount o f uncertainty in tropopause height measurements due strictly to 
170 RO temperature uncertainties in the tropopause region.
When comparing two model tropopauses in the same plane (see Figure 2), it is evident that a 
change in tropopause height AZ and temperature AT depends only on the changes in 
temperatures ATs above and ATt below the tropopause and on the lapse rates ys above and
dTYt below the tropopause, where the lapse rate y  is defined as y  = — —. Specifically, the
175 temperature AT can be expressed as ATt — AZyt or as ATS — AZys. Setting these two 
expressions equal to each other and rearranging yields the following expressions:
ATt -  AT,
A Z = — ------- (1)
Y t - Y s
and
AT = ATsYt ~  ATtYs 
Y t - Y s  '
These expressions can be further simplified to analyze the sensitivities o f tropopause parameters 
to perturbations above and below the tropopause [Austin andReichler, 2008], but for our 
180 purposes we focus mainly on (1). We first point out that a change in height is maximized by 
opposing temperature changes above and below the tropopause. If we consider the average 
tropopause height error SZ to be half the distance between the highest and lowest possible 
tropopauses given our temperature error 6T, then from (1), we have
2 ST
SZ =  -----------r. (2)
\Yt~Ys\
From Hajj et al. [2004], individual profiles from CHAMP and SAC-C are precise to within 0.6 K 
185 between 5 and 20 km, after natural atmospheric uncertainty has been removed. If we let ST =
0.6 K, and let y t =  6.5 Kkm 1 and ys =  0 in the high latitudes and y t =  4 Kkm 1 and ys =
- 4  Kkm-1 in the Tropics, then from (2) we can estimate RO tropopause height errors in high 
latitudes to be within 180 m and in the Tropics within 150 m.
This estimate utilizes a highly simplified tropopause model, and does not account for errors due 
190 to the highly nonlinear, threshold definition of the tropopause (i.e. two very similar temperature 
profiles can have very different tropopauses) or errors due to the natural variability o f the 
atmosphere in space and time. Our RO errors determined in the following sections will include 
these additional errors, and by comparing these errors to those described above, we will be able 
to quantify the different sources of error.
195 4.2 RO tropopause self-comparisons
In this section, we continue to address Objective 1 by examining measurement differences from 
individual RO instruments. We focus mainly on data from COSMIC because of its high global 
measurement density. We will first examine how errors in RO temperature and height vary with 
distance in space and time. This will allow us to estimate the actual errors in individual 
200 tropopause measurements and the effect of natural atmospheric variability. We will then briefly 
examine the geographical structure of tropopause height and temperature errors.
4.2.1 RO tropopause errors by distance in space and time
To discuss the temporal and spatial structure of RO tropopause errors, we use CHAMP data and 
focus on the Northern Hemisphere (NH) high latitudes (60°N - 90°N) and on the Tropics (24°S- 
205 24°N) during DJF (see Figure 3). We calculate RMS differences in COSMIC tropopause 
parameters and present the results binned by distance in space and time.
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In DJF, the number of matching measurements (Figure 3a, d) increases with distance, but not 
strictly with separation in time. In the DJF Nil high latitudes, the RMS errors in height (Figure 
3b) and temperature (Figure 3c) increase with separation in space and time, as one would expect. 
210 In the Tropics (Figure 3e, f) the increase in RMS errors with distance is obvious, but the trend 
with separation in time is not as clear. In the high latitudes, RMS error contours have a fairly 
well defined slope, indicating that tropopause fluctuations propagate at characteristic phase 
speeds. We have shown the number of measurements in each bin (Figure 3a, d) In all cases, 
errors tend to some non-zero value as the separation in space and time approaches zero.
215 Applying a planar fit to this data and extrapolating to zero yield RMS temperature (geopotential 
height) errors near 1.7 K (480 m) in the Nil high latitudes and 1.6 K (510 m) in the Tropics. 
These values are roughly three times larger than the estimates from using the conceptual 
tropopause model described in the preceding section. RMS errors in the Nil Subtropics (24°N - 
60°N, not shown) are even higher (about 2.3 K or 800 m) due to the occurrence of double 
220 tropopauses and the resulting strongly discontinuous nature of the first tropopause there [Schmidt 
et a l, 2006; Randel et a l, 2007], Mean biases (not shown) do not show any obvious pattern in 
space and time.
The planar approximation also gives us a convenient estimate of the slope of the RMS contours 
in Figure 3, and thus of the characteristic phase speed of tropopause disturbances. Phase speeds 
225 for Nil disturbances are estimated in this way to be about 8 ms~', and for the Tropics to be much 
smaller (2 ms~') and less well defined. Phase speeds are largest in the Nil high latitudes during 
DJF, consistent with a strengthening of the westerlies.
4.2.2 Geographical RO tropopause error structure
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We now analyze the global distribution of collocated tropopause measurements and their RMS 
230 errors, using the 150 km and ±6 hr window we described in our methods. Here, we focus on
COSMIC data from DJF, with measurements binned in 30° latitude, longitude bins (Figure 4), 
The number of measurements (Figure 4a) follows a clear meridional pattern, with the most 
measurements in the Subtropics and the least in the Tropics, The RMS errors in tropopause 
height (Figure 4b) are generally on the order o f 500 m, and RMS errors in tropopause 
235 temperature (Figure 4c) range from 1 K to greater than 2,5 K, with the bulk around 1,5 K, Height 
and temperature errors also show a meridional structure, with higher values in the Subtropics, 
Again, these higher RMS errors in the Subtropics are likely related to the occurrence o f double 
tropopauses,
4.3 Meridional error structure of RO when compared to radiosondes
240 In order to understand the absolute error o f different RO datasets (see Objective 2), we now 
examine the meridional error structure in RO-derived tropopause heights and temperatures by 
comparing the different RO products to radiosonde measurements. We examine the zonal, 
seasonal, 3° latitude mean temperature and height biases between RO and radiosonde 
tropopauses, as well as the 95% confidence intervals for those mean biases. We also examine the 
245 RMS errors between RO and radiosonde tropopause parameters by latitude and season. The 
seasonal data is calculated from all instances of each season during the time span o f each RO 
product. When displaying our zonal mean biases, RMS differences, and confidence intervals, we 
apply a 30° latitude wide Gaussian smoothing.
We begin our comparison by considering the tropopause height and temperature biases between 
250 the four RO instruments from CDAAC -  GPS/MET, SAC-C, CHAMP, and COSMIC -  and
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radiosondes (see Figure 5). Biases in CHAMP and COSMIC tropopause height are generally 
quite small; COSMIC tropopause height biases are the only biases never larger than 200 m in the 
global mean, COSMIC height biases are also slightly negative (ca. -75 m). Confidence interval 
widths for the mean height biases have decreased strongly since GPS/MET; GPS/MET 
255 confidence intervals are generally quite large (from 200 m to more than 1 km), and at times
undefined (as in the far Southern latitudes) due to the lack of data. On the other hand, confidence 
interval widths for COSMIC mean height biases are quite small (as small as 20 m).
Temperature biases between the same four RO instruments and radiosondes (Figure 6) show a 
much more distinct meridional structure. Zonal mean temperature biases between both 
260 GPS/MET and CHAMP and radiosondes tend to be cool in the high latitudes (nearly -2  K at the 
poles) and are often warm everywhere else (by as much as 3 K, or 4 K in the case o f GPS/MET). 
CHAMP and COSMIC show generally warm biases (0.5 and 0.25 K, respectively) when 
compared to radiosondes, although CHAMP and COSMIC biases are never larger than 1.5 K and
1 K, respectively. Confidence intervals for the mean temperature biases show an improvement 
265 with products in time similar to those for height described above, with the confidence interval
width for COSMIC mean temperature biases against radiosondes reaching values as small as 0.6 
K in the NH Extratropics.
To determine the factors that determine the biases and confidence intervals shown above, we 
now investigate the meridional distribution o f the collocated RO and radiosonde measurements 
270 used above, as well as the meridional structure of RMS errors in height and temperature. The 
meridional measurement distribution (Figure 7) clearly reflects the high density o f radiosonde 
stations over land surfaces in the NH. The thickness o f the GPS/MET vs. radiosonde and SAC-C 
vs. radiosonde confidence intervals over the Southern Hemisphere and the narrowness in the NH
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are due to the much smaller and larger numbers of measurements at those latitudes. However, in 
275 the Nil Subtropics, measurement density is reasonably high, so the noticeable width of the height 
and temperature confidence intervals must be due to increased errors at those latitudes.
This is confirmed upon examination of the RMS errors in tropopause height and temperature of 
the different RO products with respect to radiosondes (Figure 8, 9). The Subtropics are regions 
of consistently high RMS errors between RO datasets and radiosondes. We point out that in 
280 general, the RMS errors for the different comparisons are fairly similar; they are not orders of 
magnitude different, as some of the confidence interval widths in Figures 5 and 6 are. However, 
we do note that CHAMP and COSMIC RMS temperature and height errors do not vary much 
from season to season, while GPS/MET and SAC-C RMS height and temperature errors 
demonstrate large seasonal differences,
285 4.4 Meridional error structure between RO products
Now that we have examined the absolute biases for RO instruments using radiosonde data, we 
compare tropopause height and temperature data between different RO instruments in order to 
quantify the errors between instruments as part of Objective 3, Although we consider four RO 
instruments in this study, only two sets of instruments have any temporal overlap: CHAMP and 
290 SAC-C, and CHAMP and COSMIC. Here we do not examine seasonal biases, since the
comparisons take place over mostly different seasons and the number of measurements for the 
SAC-C and CHAMP intercomparison is quite small. Rather, we show the mean biases based on 
the entire time period in which the two products overlap. We compare tropopause height and 
temperature biases of SAC-C and of COSMIC, using CHAMP as a reference (Figure 10). Height 
295 biases (Figure 10a) between SAC-C and CHAMP are just as small as those between COSMIC
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and CHAMP (-30 m). Temperature biases (Figure 10b) between CHAMP and SAC-C show a 
considerably different pattern, with cold biases (-2  K) in the high latitudes and warm biases (2-4 
K) in the Tropics, resembling the bias patterns of both GPS/MET and SAC-C against 
radiosondes (Figure 6),
300 It should be noted that SAC-C is processed in near-real-time, while CHAMP and COSMIC data 
are both post-processed; thus the larger temperature biases between SAC-C and CHAMP are 
somewhat expected. To estimate how much of the differences can be ascribed to different 
processing methods, we examine the height and temperature biases between near-real-time 
COSMIC and post-processed COSMIC data (Figure 11), with the post-processed data as our 
305 reference. We do not show confidence intervals for these biases, but do note that their widths are 
all within ±0.2 K due to the high density of COSMIC measurements. Biases in tropopause height 
in the near-real-time data (solid lines) are generally small (+20 m), except in the high latitudes 
during SON. Biases in near-real-time temperature (dashed lines) for MAM (SON) are about 0.1 
K (1 K) for the Tropics and -0.4 K (-2 K) for high latitudes. Similar temperature biases are 
310 evident in the temperature comparison between SAC-C and CHAMP (Figure 10b), GPS/MET 
and radiosondes (Figure 6), and SAC-C and radiosondes (Figure 6), suggesting that most of the 
actual temperature biases between different RO instruments result from processing differences.
4.5 Long-term CHAMP temperature stability
Now that we have shown the effect of processing on RO errors, we are ready to address the 
315 instrument stability concern in Objective 2. Here, we examine the mean tropopause temperature 
bias between CHAMP -  our only long-term RO dataset -  and radiosondes by latitude and season 
(Figure 12). Temperature biases between post-processed CHAMP and radiosondes (Figure 12a)
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show strong shifts. In particular, we note the abrupt shifts in JJA 2005 and MAM 2006, where 
biases change by as much as 3 K. Height biases (not shown) show no such sudden change; i.e. 
320 they appear to be much more stable in time.
The intent of post-processed RO datasets is to provide as stable and accurate a dataset as 
practically possible for climate studies. Therefore, the processing methods used should kept 
constant over the entire analysis period, as is done for reanalysis data. The existence of dramatic 
bias shifts in the CHAMP data, however, would be most easily explained by changes in 
325 processing methods. To investigate whether this is indeed the case, we compare the temperature 
data from CHAMP processed by the ISDC with temperatures from radiosondes (Figure 12 b). 
The bias pattern in the ISDC CHAMP data is qualitatively and quantitatively similar to the bias 
pattern present in the near-real-time CDAAC data, suggesting some similarity in processing. 
Although the data from ISDC are somewhat more variable in time than the post-processed data, 
330 they do not exhibit unusual shifts in time. This suggests that the instability shown in the post­
processed data is not due to instrumentation or our methods, but due to processing.
4.6 Quality of radiosonde data
Digressing from our main objectives for a moment, we point out one additional result from our 
study. In addition to their use for examining RO tropopause data, our methods are also useful for 
335 examining the regional error structure o f tropopause parameters as measured by radiosondes. To 
do this, we use COSMIC as our reference and examine the regional pattern of mean biases 
between radiosondes and COSMIC. We show here only results for DJF 2006 (Figure 13) since 
the other seasons are qualitatively very similar. While height biases for the individual regions are 
generally of the same order as those for the zonal mean biases (Figure 5), India’s radiosonde
16
340 network exhibits exceptionally strong and consistently negative biases; several between -1 km
and -2  km. Temperature biases (not shown) are consistently too warm over much of India (about 
+4 to +7 K) as well. Our results substantiate those mentioned in Kuo et al. [2005] and support 
using RO data to characterize differences between radiosonde products.
5. Discussion
345 In this section, we discuss the results shown in our previous section, and how they address each 
of our objectives.
5.1 Magnitude, structure, and sources of error in RO tropopause measurements
In section 4.1, we use a conceptual tropopause model to estimate the errors in RO tropopause 
height precision to be about 150-180 m, based on an RO temperature precision of 0.6 K [Hajj et 
350 a l, 2004], In section 4.2.1, we examine matching COSMIC data, and determine that the actual 
errors in determining tropopause temperature (height) for the same location and time are closer 
to 1.7 K (480 m) in the NH high latitudes and 1.6 K (510 m) in the Tropics. Previous studies 
found tropopause parameter errors between RO and radiosondes to be in the neighborhood of 
2-A K [Randel et a l, 2003; Schmidt et a l, 2005] and 700 m, and tropopause temperature errors 
355 in radiosonde data to be roughly the same, at ~2-3 K [Tsuda et a l, 1994],
We explain this wide range in values with three sources of uncertainty: Instrument error, 
tropopause definition uncertainty, and natural atmospheric variability. By instrument error, we 
mean the uncertainty in RO temperature measurements in the vicinity of the tropopause, and the 
resulting uncertainty in height based on the conceptual tropopause model in section 4.1.
360 Tropopause definition uncertainty arises from the sensitive, nonlinear definition of the 
tropopause involving a fixed threshold; an instrument can record two arbitrarily similar
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temperature profiles and still record very different tropopauses. Natural atmospheric variability is 
simply related to the naturally occurring variability of the atmosphere in space and time and the 
resulting differences between two “nearby” measurements,
365 The 0.6 K figure from Hajj et al, [2004] and the corresponding height errors of 150-180 m are 
achieved by filtering out natural variability, and are thus estimates of instrument errors only. On 
the other hand, the 1,6 K figure obtained in this study is an estimate o f the actual uncertainty in 
RO tropopause measurements at the same place and time, and thus includes instrument errors 
and tropopause definition uncertainty. The larger (~3 K) errors reported by Randel et al, [2003] 
370 and Schmidt et al, [2005] also include errors due to natural atmospheric variability, which will 
vary depending on the collocation requirement used. By considering the different error sources 
discussed above and by accepting an instrument temperature (height) error of 0.6 K (150 m)
[Haji et al., 2004], we estimate the errors due to tropopause definition uncertainty to be 1-1.5 K 
(300-500 m). For our 150 km and ±6 hr collocation requirement, we can estimate (from Figures 
375 3 and 4) that natural uncertainty adds an additional 0.5-1 K (300-400m), However, we caution 
that these are global mean estimates, and that actual uncertainties vary strongly with latitude. See 
Table 2 for a summary of the different sources o f error and their respective magnitudes.
We now address how future tropopause climate studies may reduce these sources of error. 
Unfortunately, as long as a one uses a temperature-based tropopause definition, or is interested in 
380 RO-derived tropopause temperatures, instrument temperature errors will remain. However,
Narayana Rao et al, [2007] construct a bending angle tropopause definition, which may be useful 
for studying long-term tropopause height trends, as the RO bending angle is not subject to the 
same degree of error as the RO derived temperature. Errors stemming from tropopause definition 
uncertainty may be reduced by adding additional filters to the data, i.e., examining strictly the
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385 Tropical or an Extratropieal tropopause, or by defining a tropopause “strength” threshold, to 
avoid tropopauses that are likely to be missed in nearby observations. Calculating a 
“climatological tropopause” from time-mean temperature profiles would also likely reduce much 
of the error due to tropopause uncertainty; time-averaging eliminates the fine structure 
responsible for the tropopause uncertainty we defined here. Natural uncertainty must always be 
390 considered, but may be reduced through high sampling density and strict collocation criteria,
5.2 Absolute error and long-term stability of RO tropopause parameters
In order to put the following discussion in perspective, we first mention that the temperature 
stability requirement for climate studies in the troposphere is 0,04 K according to Ohring et al. 
[2005], In other words, if the bias in a dataset changes by more than 0,04 K per decade, it is 
395 probably unsuitable for climate studies. However, this stability requirement is related to
measurement of surface temperature changes associated with global climate change, and we 
relax the requirement here, as tropopause temperature trends are stronger; -0,5 K per decade at 
the tropopause [Seidel andRandel, 2006] as opposed to +0,13 K per decade at the surface 
[Solomon et a l,  2007], Accordingly, we consider any change in tropopause temperature biases 
400 larger than 0,2 K to be seriously detrimental for use in climate studies. Using our conceptual
tropopause model, we estimate a 0,2 K bias shift to be equivalent to a height shift of about 60 m.
We now proceed to discuss the absolute errors of RO tropopause parameters based on our 
comparison with radiosonde data. Global mean height biases between COSMIC and radiosondes 
are fairly small, and slightly negative (-75 m). Temperature biases of GPS/MET and SAC-C 
405 against radiosondes are relatively large due to processing, while those for CHAMP and COSMIC 
are generally smaller and somewhat warm (0.25 K for COSMIC, 0.5 K for CHAMP). Similar
19
biases (-100 m and 0.6 K) were noted for RO derived cold point tropopause parameters in 
Randel et al., [2003], These absolute errors in RO height and temperature are in all eases larger 
than the stability requirements we specified above, and we cannot discount these errors when 
410 considering tropopause data from RO and radiosonde datasets.
While mean biases in post-processed datasets appear small, we show in Section 4.5 that 
tropopause temperature biases between post-processed CHAMP and radiosondes show sudden 
shifts as large as ±2.5 K. Thus, post-processed CHAMP temperatures do not meet our 
temperature stability requirements for tropopause research. On the other hand, tropopause 
415 temperature biases between ISDC CHAMP and radiosondes do not exhibit a clear trend during 
2001-2007. Similarly, height biases in both CHAMP datasets exhibit no trends.
5.3 Sources of uncertainty between RO products
Finally, we discuss the errors in tropopause parameters measured by different RO instruments. 
The two instrument comparisons we have available illustrate the effects of comparing similarly 
420 and dissimilarly processed datasets. In both cases height biases are quite small; global average 
biases between RO products are about 30 m. Biases in temperature between dissimilarly 
processed datasets can be as large as 2.5 K, while for similarly processed datasets they are on the 
order of 0.1 K, as in Hajj et al. [2004], Thus, height biases between RO tropopause datasets, 
whether processed similarly or not, meet the stability requirement we specified above.
425 Temperature biases for similarly processed datasets are also within the required limits, while 
temperature biases for dissimilarly processed datasets are well outside the required range.
6. Summary and conclusion
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In our introduction we state the three primary objectives o f our study: (1) determine the 
magnitude, structure, and sources of error in RO tropopause measurements, (2) characterize the 
430 absolute error and long-term stability o f RO tropopause parameters with respect to those 
measured by radiosondes, and (3) distinguish between the contributions of processing and 
instrument differences to errors between different RO products. We now summarize our results 
for each objective, and conclude with suggestions for future tropopause climate studies.
Objective 1: We find that uncertainties in tropopause parameter measurements are due mostly to 
435 the nonlinearity o f the tropopause definition (ca, 48%) and to natural variability in the
atmosphere (ca, 28%), although instrument uncertainties (ca, 24%) do add a significant error 
component as well.
Objective 2: We examine the time-mean meridional error structure in RO height and 
temperature against radiosonde, and find generally good agreement in tropopause, aside from 
440 noise, and a negative (70 m) bias in tropopause height in RO data. We see that RO processing
methods strongly affect temperature biases between RO and radiosonde data, with near-real-time 
data having large warm (cool) bias in the Tropics (Extratropics), Post-processed data exhibit 
warm biases of 0,25-0,5 K against radiosondes. These biases agree well with those determined 
by Randel et al, [2003],
445 Upon examining the temporal structure of zonal mean tropopause parameter biases between
post-processed CHAMP data and radiosondes, we find no noticeable instability in height biases, 
but very strong instabilities in temperature biases (2,5 K), which appear to be due to errors or 
inconsistencies in processing, ISDC CHAMP tropopause temperatures, when compared to those
21
from radiosondes, show no such instabilities. If these bias instabilities are real, one should be 
450 cautious when utilizing the CDAAC post-processed CHAMP data for tropopause climate studies.
Objective 3: We find that tropopause heights in different RO instruments are sufficiently similar 
(within ~30 m) for the straightforward combination of RO datasets for use in tropopause height 
studies without regard to the processing methods used. RO tropopause temperature datasets, on 
the other hand, are only similar enough to be combined for long-term studies if the products are 
455 processed similarly.
Future studies may reduce uncertainty in measured tropopause parameters by filtering data as 
described in section 5,1, and by considering tropopause heights computed from time-mean 
temperature profiles, rather than time averages of tropopause heights. It appears that RO 
tropopause height datasets can freely be combined regardless of their respective levels of 
460 processing. To study RO tropopause temperature trends, however, one must combine similarly 
processed datasets. Since the current post-processed CHAMP dataset does not appear stable 
enough for tropopause climate studies, we propose considering the combination of near-real-time 
and 1SDC processed RO tropopause temperature data. Fortunately, CDAAC reprocesses their 
datasets frequently, and the instability in post-processed CHAMP data are likely to be eliminated 
465 in the near future.
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575 Captions
Table 1. RO data products used in this study, along the general processing category (see text), 
starting and ending dates and the number of seasons covered. RT denotes near-real-time data, PP 
denotes post-processed data, and ISDC denotes data processed at the GFZ Potsdam Information 
Systems and Data Center.
580 Table 2. Sources of error in RO tropopause measurements, along with their approximate 
magnitudes. Also listed are the studies from which these estimates come.
Figure 1. Timeline of different products considered in this study. Arrows indicate that the 
dataset continues beyond the time shown.
Figure 2. Conceptual tropopause model after Shephard [2002], The blue lines represent a 
585 temperature profile in the viscinity o f the tropopause, and the red solid lines represent the profile 
after hypothetical temperature changes of ATs above and ATt below the tropopause. The black 
lines represent the resulting changes AZ and AT in tropopause height and pressure, respectively. 
The gray lines relate AT to ATs, ATt , ys, and yt as described in the text. The dashed lines are for 
clarity.
590 Figure 3. Error statistics for collocated DJF COSMIC tropopause data binned by distance in
space and separation in time. The number of measurements are shown in (a) and (d), RMS height 
errors are shown in (b) and (e), and RMS temperature errors in (f). (a) through (c) are for 
Northern Hemisphere high latitudes, while (d) through (f) are for the Tropics.
29
Figure 4. Geographical distribution of measurements and RMS errors for collocated DJF 
595 COSMIC tropopause data. Shown are the number of measurements in each bin (a), RMS height 
errors (b), and RMS temperature errors (c).
Figure 5. Zonal mean geopotential height differences between RO and radiosonde datasets, and 
the 95% confidence interval for the mean. Profiles are shown for DJF (a), MAM (b), JJA (c), and 
SON (d). All values are Gaussian smoothed over 30° latitude.
600 Figure 6. Zonal mean temperature differences between RO and radiosonde datasets, and the 
95% confidence interval for the mean. Profiles are shown for DJF (a), MAM (b), JJA (c), and 
SON (d). All values are Gaussian smoothed over 30° latitude.
Figure 7. Meridional distribution of the average number of matching RO vs. radiosonde 
measurements per season for each RO instrument during the course o f our study.
605 Figure 8. Meridional profile of RMS height differences between RO and radiosonde data. 
Profiles are shown for DJF (a), MAM (b), JJA (c), and SON (d). All values are Gaussian 
smoothed over 30° latitude.
Figure 9. Meridional profile of RMS temperature differences between RO and radiosonde data. 
Profiles are shown for DJF (a), MAM (b), JJA (c), and SON (d). All values are Gaussian 
610 smoothed over 30° latitude.
Figure 10. Zonal mean geopotential height differences (a) and temperature differences (b) 
between the RO datasets specified for SON. All values are Gaussian smoothed over 30° latitude.
Figure 11. Zonal mean temperature differences between post-processed (PP) and near-real-time 
(RT) COSMIC data for the seasons shown. Solid lines and left axes show mean height
30
615 differences, while dashed lines and right axes show mean temperature differences. All values are 
Gaussian smoothed over 30° latitude.
Figure 12. Zonal mean tropopause temperature bias between CHAMP and radiosonde data as a 
function o f time and for two different processing methods. Shown are CHAMP biases from 
CDAAC (a) and IS DC (b).
620 Figurel3. Geographical distribution of mean tropopause height biases between radiosonde and 
COSMIC data during the period Dec, 2006 -  Feb, 2007. Gray cells represent insufficient data.
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Tables
Product Processing Start End Seasons
GPS/MET RT 1995.152 1996.335 6
SACC RT 2001.244 2002.244 4
CHAMP RT 2006.244 2007.150 3
CHAMP PP 2001.152 2006.334 22
CHAMP ISDC 2001.152 2006.334 22
COSMIC RT 2006.244 2007.149 3
COSMIC PP 2006.244 2007.151 3
625 Table 1. RO data products used in this study, along the general processing category (see text),
starting and ending dates and the number of seasons covered, RT denotes near-real-time data, PP 
denotes post-processed data, and 1SDC denotes data processed at the GFZ Potsdam Information 
Systems and Data Center,
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Error a t  m AZ [m] Source
RO Instrument 0.6 150 Hajj et al., 2004
Tropopause definition 1-1.5 300-500 This study
Natural Variability 0.5-1 300-400 This study
Total 2.1-3.1 750-1050
630
Table 2. Sources of error in RO tropopause measurements, along with their approximate 









1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
Figure 1. Timeline of different products considered in this study. Arrows indicate that the 
dataset continues beyond the time shown.
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Figure 2. Conceptual tropopause model after Shephard [2002], The blue lines represent a 
temperature profile in the viscinity of the tropopause, and the red solid lines represent the profile 
after hypothetical temperature changes of ATs above and ATt below the tropopause. The black 
lines represent the resulting changes AZ and AT  in tropopause height and pressure, respectively, 
645 The gray lines relate AT to A Ts, ATf, ys, and Yt as described in the text. The dashed lines are for 
clarity.
35
d is ta n c e  (km )  d i s t a n c e  (km )  d i s ta n c e  (km)
650 Figure 3. Error statistics for collocated DJF COSMIC tropopause data binned by distance in
space and separation in time. The number of measurements are shown in (a) and (d), RMS height 
errors are shown in (b) and (e), and RMS temperature errors in (f). (a) through (c) are for 
Northern Hemisphere high latitudes, while (d) through (f) are for the Tropics.
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655 Figure 4. Geographical distribution of measurements and RMS errors for collocated DJF
COSMIC tropopause data. Shown are the number of measurements in each bin (a), RMS height 
errors (b), and RMS temperature errors (c).
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Mean height biases and confidence interval: 
ROvs. radiosonde
Latitude (degrees) Latitude (degrees)
GPSMET — SACC — CHAMP — COSMIC
Figure 5. Zonal mean geopotential height differences between RO and radiosonde datasets, and 
660 the 95% confidence interval for the mean. Profiles are shown for DJF (a), MAM (b), JJA (c), and 
SON (d). All values are Gaussian smoothed over 30° latitude.
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Figure 6. Zonal mean temperature differences between RO and radiosonde datasets, and the 
95% confidence interval for the mean. Profiles are shown for DJF (a), MAM (b), JJA (c), and 
665 SON (d). All values are Gaussian smoothed over 30° latitude.
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Figure 7. Meridional distribution of the average number of matching RO vs. radiosonde 
measurements per season for each RO instrument during the course of our study.
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670 Figure 8. Meridional profile of RMS height differences between RO and radiosonde data. 
Profiles are shown for DJF (a), MAM (b), JJA (c), and SON (d). All values are Gaussian 
smoothed over 30° latitude.
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675 Figure 9. Meridional profile of RMS temperature differences between RO and radiosonde data. 
Profiles are shown for DJF (a), MAM (b), JJA (c), and SON (d). All values are Gaussian 
smoothed over 30° latitude.
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Figure 10. Zonal mean geopotential height differences (a) and temperature differences (b) 
between the RO datasets specified for SON, All values are Gaussian smoothed over 30° latitude.
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Mean bias: COSMICPP vs. COSMICRT
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Figure 11. Zonal mean temperature differences between post-processed (PP) and near-real-time 
685 (RT) COSMIC data for the seasons shown. Solid lines and left axes show mean height
differences, while dashed lines and right axes show mean temperature differences. All values are 
Gaussian smoothed over 30° latitude.
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Figure 12. Zonal mean tropopause temperature bias between CHAMP and radiosonde data as a 
function of time and for two different processing methods. Shown are CHAMP biases from 
CDAAC (a) and TSDC (b).
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Figurel3. Geographical distribution of mean tropopause height biases between radiosonde and 
695 COSMIC data during the period Dec. 2006 -  Feb. 2007. Gray cells represent insufficient data.
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